Hepatoerythropoietic porphyria (HEP) is due to a marked deficiency of uroporphyrinogen (URO) decarboxylase, a cytosolic enzyme in the heme biosynthetic pathway. Using a radioimmunoassay method, we determined the concentration of URO decarboxylase protein in erythrocytes from a patient with mild HEP and found that the enzyme protein concentration had markedly decreased to < 7% of the normal controls. This finding, however, was in contrast to the enzyme activity in the patient's erythrocytes, which was 16% of normal control levels and different from previously reported HEP cases in that erythrocytes in our patient contained disproportionately elevated URO decarboxylase activity in comparison to its immunoreactive material. Our finding suggests the possibility of a mutant isozyme in this patient that is not immunoreactive with an antibody raised against the normal enzyme.
Introduction
Uroporphyrinogen (URO)' decarboxylase (EC 4.1.1.37) is a cytosolic enzyme involved in the biosynthesis ofheme. It catalyzes the sequential removal of four carboxyl groups of the carboxymethyl side chains of uroporphyrinogen to yield coproporphyrinogen (1) . Decreased enzyme activity has been demonstrated in tissues from patients with porphyria cutanea tarda (PCT) and hepatoerythropoietic porphyria (HEP) (2) . A greater deficiency of URO decarboxylase activity was noted in the latter (3) than that in the former group. 15 patients with HEP have been reported to date in the world's literature, and marked deficiency ofURO decarboxylase activity was demonstrated in nine patients (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Previous immunochemical studies on URO decarboxylase in HEP patients showed that there were two groups of patients, one displaying the enzyme deficiency with cross-immunoreactive material (CRIM) positive mutation (16) and the other with CRIM negative mutation (12) .
In the present study, we describe another type of URO decarboxylase mutation occurring in a family with HEP, in which Receivedfor publication 29 September 1986 and in revisedform 28 January 1987.
1. Abbreviations used in this paper: ALA, 6-aminolevulinic acid; CRIM, cross-immunoreactive material; HEP, hepatoerythropoietic porphyria; PCT, porphyria cutanea tarda; URO, uroporphyrinogen. erythrocyte URO decarboxylase activity was substantially higher than expected for the level of the immunoreactive enzyme protein measured.
Methods
Case report. The proband was a 31-yr-old man with HEP who has been previously described (17) .
Chemicals. Pentacarboxylate porphyrin I and 6-aminolevulinic acid (ALA) were obtained from Porphyrin Products, Logan, UT, and Sigma Chemical Co., St. Louis, MO, respectively. A goat anti-rabbit IgG was purchased from HyClone Ltd., Logan, UT. Na-'25I (specific radioactivity: 16 .1 mCi/,gg iodine) was obtained from Amersham Co., Amersham, U.K.
Enzyme purification and preparation ofantibodies. URO decarboxylase and ALA dehydratase were purified to homogeneity from normal human erythrocytes according to methods published previously (1, 18) . The purified enzyme preparations were labeled with '25I as previously described (19) . Specific radioactivities of '25I-labeled URO decarboxylase and ALA dehydratase were 5 gCi/,ug protein and 4 gCi/gg protein, respectively.
An anti-human URO decarboxylase IgG and an anti-human ALA dehydratase IgG were prepared in rabbits and isolated from sera as described previously (1, 20) . -50% of the labeled antigen was bound to the IgG at dilutions of 1:10,000 and 1:30,000 for URO decarboxylase and ALA dehydratase, respectively.
Enzyme assays. Activities of URO decarboxylase and ALA dehydratase were determined according to methods reported previously (1, 21) . 1 U of URO decarboxylase activity was defined as 1 nmol coproporphyrinogen formed at 37°C per h.
Radioimmunoassays. ALA dehydratase concentration was determined by the method of Fujita et al. (19) . Radioimmunoassay (RIA) of URO decarboxylase activity was also carried out in a manner similar to that for ALA dehydratase. All determinations were carried out in triplicate. The binding of the antibody with the radiolabeled enzyme was expressed as the percentage of the bound fraction to the radioactivity of the same fraction in the absence of unlabeled antigen (B/Bo). The lowest detection limit was 1.6 ng/assay for URO decarboxylase and 1.0 ng/assay for ALA dehydratase (22) . Specific activity was calculated based on the enzyme activity and enzyme concentration determined in the identical specimen.
Results
RIA of URO decarboxylase. A typical calibration curve for the RIA on URO decarboxylase is shown in Fig. 1 . Enzyme concentrations ranging from 1.6 to 10,000 ng/assay can be determined. Both the purified enzyme (solid curve) and lysates (dotted curve) showed a parallel curve, indicating that an accurate estimation of the enzyme concentration in lysates can be made.
The reproducibility ofthe RIA was examined by comparing intra-and interassay variations (Table I) . Coefficients of variation for the intraassay comparison using two blood samples contain- ing 15.75 and 59.71 ng URO decarboxylase per assay were 7.89% and 3.34%, respectively. Coefficients of variation for the interassay comparison were 4.60 and 4.80% for 15.42 and 17.64 ng enzyme per assay, respectively.
The recovery of the added enzyme to blood specimens was examined to determine the accuracy of the RIA. When 51.9 ng of the purified enzyme was added to blood with five different concentrations ofURO decarboxylase (15.9-59.8 ng), an average of 100.0±5.93% of the added enzyme was detected. Addition of the purified enzyme at four different concentrations (17.3-467 ng/assay) to lysates containing 35.4 ng of URO decarboxylase also showed an excellent recovery ofthe added enzyme (average recovery, 96.3±5.2%). These results indicate that the method is suitable for assaying the enzyme concentration in lysates. URO decarboxylase activity in erythrocytes and in the liver.
Erythrocyte URO decarboxylase activity was examined in three normal adult subjects, the proband, his six family members, and four normal adult controls in the same assay as a function of incubation periods (Table II) . All subjects showed a constant rate ofproduct formation up to 20 min of incubation. The initial velocity ofthe enzyme reaction calculated for the normal control enzyme was 1.48 nmol/min per ml RBC, whereas it was 0.23 nmol/min per ml RBC for the proband's enzyme. Except the proband's wife, who had the velocity of 1.10 nmol/min per ml RBC, other members ofthe family had markedly decreased values ranging from 0.68 to 0.85 nmol/min per ml RBC. Thus the enzyme activity in the proband based on the initial velocity was 16% of the control, whereas his parents and the three children had decreased URO decarboxylase activity, ranging 46-57% of the control. These data indicate that both parents and the three children of the proband were heterozygous for URO decarboxylase deficiency. The enzyme incubation was also carried out using pentacarboxylate porphyrinogen III as substrate at pH 6.9 for the normal control enzyme and the younger son's enzyme. The results were essentially comparable with those obtained using pentacarboxylate porphyrinogen I as substrate at pH 6.0, except that the rates were higher with the III isomer (data not shown).
The enzyme activity in a liver biopsy specimen from the proband (0.009 U/mg protein) was significantly lower than that in the nonporphyric control subjects (0.463±0.030 U/mg protein, n = 9).
Erythrocyte URO decarboxylase concentration. Concentrations of URO decarboxylase in heterozygous gene carriers, i.e., both parents and the three children, were 52±10.4% ofthe control. The amount ofenzyme protein in the proband's erythrocyte was below the detection level by RIA. This observation was consistent with the earlier results in the proband's erythrocytes that were determined by using Rocket immunoassay (< 5% of the control) (17) . There was insufficient material from the liver biopsy for RIA assays. The calculated specific activity, based on the enzyme activity and the enzyme concentration, demonstrated the discrepancy (P < 0.01) between that of normal subjects (3.0±0.30 U/,gg enzyme, n = 5) and heterozygous carriers (4.6±0.44 U/pig enzyme, n = 5) in the family as well as the proband (> 12.1 U/pg enzyme). The inability to detect the enzyme concentration in the proband was not due to an interfering substance in the RIA. This was shown by an experiment in which the added purified enzyme (17.3-467 ng/assay) was completely recovered (> 95%).
Erythrocyte ALA dehydratase concentration. Erythrocyte ALA dehydratase concentrations were also determined to investigate whether the URO decarboxylase deficiency is a specific gene defect in this family. ALA dehydratase concentrations in the proband, the father and the mother were 245, 151, and 142 ,ug/ml erythrocyte, respectively, and they were all within normal range (168 ± 58 ,ug/ml erythrocytes, n = 16) (23).
Discussion
The results of this study confirm that erythrocyte URO decarboxylase activity and the enzyme protein are markedly decreased in patients with HEP. Enzyme activity expressed as the initial reaction velocity in erythrocytes of the proband was, however, only 16% of normal controls, unusually high for HEP (Table   III) . Nonetheless the proband can be considered a homozygote for URO decarboxylase deficiency, because erythrocytes from both parents displayed enzyme activity significantly lower (46% and 57%) than that ofnormal controls. In addition to his parents, the three children of the proband had abnormally low URO decarboxylase activity (48-57% of normal controls). The third child had an initial velocity ofURO decarboxylase that was half that of the control enzyme. The enzymatic deficiency in this family was probably specific for URO decarboxylase, because ALA dehydratase concentration was normal in the proband and in his parents.
The proband was unique in several respects: (a) his clinical picture was unusually mild for HEP (17) , (b) the URO decarboxylase deficiency in erythrocytes was only partial, despite the homozygosity of the patient, and (c) he had offspring. Although 15 cases of HEP have been reported so far (Table III) , no patients with children have been reported except for the present case.
In contrast to the mild deficiency of URO decarboxylase activity in the proband's erythrocytes, the level of the immunoreactive enzyme protein in erythrocytes was undetectable, despite the use of a highly sensitive and specific RIA that can detect enzyme activity of -7% of the normal control level. Thus the activity/mass ratio of URO decarboxylase in the proband was markedly elevated (> 12 vs. a normal range of 3.0±0.30, n = 5).
Not only the proband, but also his parents, elder son, and daughter had abnormally elevated activity/mass ratios (4.9±0.79, n = 4) vs. normal controls (3.0±0.30, n = 5). These findings differ from the results of earlier studies of patients with HEP in whom both CRIM (-) and CRIM (+) mutation of URO decarboxylase had been reported (Table III) . In CRIM (-) patients, the activity/mass ratio was the same as in normal controls, whereas in CRIM (+) patients, the ratio was lower than the normal value (Table III) . Because the proband and the four family members with URO decarboxylase deficiency had an ab- normally elevated activity/mass ratio, it appears that the abnormality of URO decarboxylase in this family represents another type of mutation in which the immunoreactive enzyme protein is disproportionately lost compared with its catalytic activity. Our findings suggest that the erythrocyte URO decarboxylase of these four subjects constitutes an enzyme that has reduced reactivity with an antibody prepared against the normal enzyme protein.
In this study, an RIA method specific for URO decarboxylase was used to quantitate the enzyme protein. For immunochemical studies of PCT or HEP, rocket immunoelectrophoresis or enzyme-linked immunoadsorbent assays (ELISA) have been used to quantitate the enzyme protein. Most studies have used a partially purified enzyme preparation from erythrocytes for analysis that might compromise the interpretation of results. ELISA is sensitive; however, it is difficult with this method to make a very accurate quantitation of enzyme protein. In contrast, RIA can be performed using unprocessed lysates or tissue homogenates, and offers an excellent sensitivity and accuracy for the quantitation of enzyme protein.
In contrast to the significant URO decarboxylase activity in erythrocytes (28% ofthe control based on total product formation after 60 min of incubation (17) , or 16% of the control based on the initial velocity [ Table II ]), the enzyme activity in a biopsied specimen ofthe liver from the patient was only 2% ofthe control. It is not clear why the proband had mild clinical symptoms despite the nearly complete absence of URO decarboxylase activity in his liver.
Three possibilities need to be considered to explain the observed discrepancy of URO decarboxylase activity between erythrocytes and the liver. Firstly, there may be a tissue-specific transcriptional activation of the URO decarboxylase gene as recently reported by Romeo et al. (25) . These authors noted that the level of URO decarboxylase mRNA is markedly elevated in erythroid cells in comparison to non-erythroid cells. Secondly, the mutant enzyme may have an abnormally increased catalytic activity, although there is no known instance for such a mutation among heme pathway enzymes. Thirdly, the mutated URO decarboxylase may undergo accelerated degradation as shown by de Verneuil et al. (26) . Although their findings were made on the enzyme from a patient with CRIM (-) HEP, a similar situation might apply to our patient who had an abnormally decreased CRIM. The latter may have important implications for degradation of the enzyme in the liver, e.g., this process leading to an almost complete loss of the enzyme in the liver of our patient, where intracellular proteolysis is highly active. Now that the complementary DNA for URO decarboxylase has been cloned (25, 26), these questions have become amenable to resolution.
